General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research. • You may not further distribute the material or use it for any profit-making activity or commercial gain • You may freely distribute the URL identifying the publication in the public portal Take down policy If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately and investigate your claim.
Introduction
Open star clusters are a rich source of information on several key topics in stellar and galactic astrophysics. First, stars seem to form primarily in clusters. Second, as the stars evolve, the cluster sequence in the colourmagnitude diagram (CMD) traces the form of progressively older isochrones in considerable detail, and thus allows to check the predictions of stellar evolution models. Third, rich clusters can be observed to large distances from the Sun and, therefore, serve as probes of the age and abundance structure of the galactic disk. And fourth, as clusters evolve through dynamical interactions, internally and with the Galactic tidal field, their structure also changes and the cluster stars are gradually lost to the field. The many uses of (especially older) open clusters in stellar and Galactic astrophysics were comprehensively reviewed by Friel (1995) and are illustrated, e.g., by Friel & Janes (1993) and Janes & Phelps (1994) .
The key observational tool in the study of a star cluster is an accurate CMD in a well-calibrated colour system. However, any determination of distance, reddening, chemical composition, or age, and any detailed isochrone fit, assumes that one can distinguish cluster members from field stars and identify binary and multiple stars among the cluster members. Further, in studies of the dynamical evolution of clusters one also needs information on the velocities and masses of the individual (single or binary) cluster members. Detailed membership information can be provided by proper motion and radial velocity data, the latter also allowing to detect spectroscopic binaries if multiple observations are obtained over long intervals.
The depth of analysis that can be achieved with complete, high-quality photometric and kinematic data is perhaps best illustrated in the classic study of the Hyades by Perryman et al. (1998) , while the observational history of NGC 3680 demonstrates the difficulty in reaching firm conclusions without such information (Nordström et al. 1997 ). Yet, besides these two clusters, the Pleiades (Raboud & Mermilliod 1998a ), Praesepe (Raboud & Mermilliod 1998b ), NGC 752 (Daniel et al. 1994) , and M 67 (Nissen et al. 1987; Mathieu et al. 1986 ) are still the only clusters to have reasonably complete kinematic data. The present paper adds the intermediate-age cluster IC 4651 (age ∼1.7 Gyr) to that select company.
Our study of IC 4651 and its "sister" cluster NGC 3680 (Nordström et al. 1997) , of nearly identical chemical composition and age, was initiated in 1988 to provide tighter observational constraints on stellar models and on ages derived from them. Indeed, previously published ages for the relatively nearby IC 4651 ranged from 1.3 Gyr (Mazzei & Pigatto 1988) to 4.0 Gyr (Maeder 1990 ), even when based on the same photometry. Moreover, both clusters were used as evidence both for and against models with extended convective cores ("overshooting" models). Since then, evidence from NGC 3680 (see Nordström et al. 1997 ) and many other sources has proved the reality of "overshooting" beyond doubt; the debate now concerns its physical nature and quantitative description.
However, our study of NGC 3680 not only ruled out the use of standard models for stars above ∼1.2 M , it also showed NGC 3680 to be an extreme case of dynamical evolution: Virtually all cluster stars more than two magnitudes below the turnoff have been lost from the area studied so far, and of the remainder some 60% are spectroscopic binaries. Clearly, neither stellar evolution nor, especially, Initial Mass Functions (IMF's) can be studied in open clusters without explicit consideration of their dynamical evolution, as emphasized also in recent theoretical studies (de la Fuente Marcos 1997; Portegies Zwart et al. 2001, and references therein) .
The present study of IC 4651 underscores this point again, based on the recent, accurate Strömgren uvby photometry for over 17 000 stars in a ∼21 × 21 field around IC 4651 by Meibom (2000) ; references to previous work on the cluster can be found in that paper. Meibom (2000) succeeded in delineating the main sequence down to six magnitudes below the turnoff; even more importantly, it was shown that the cluster covers at least twice the area and contains twice as many stars as previously believed. Thus, the radial-velocity survey presented in the present paper turns out in fact to only cover the central, classical cluster area, but it remains adequate to address the fundamental dynamical properties of IC 4651. We note that a radial-velocity study of the red giant stars in IC 4651 (and NGC 3680) was published already by Mermilliod et al. (1995) , but these stars are included again here, because additional observations and an improved zero-point calibration have become available after that time.
In the following, we describe the new observational data for IC 4651 in Sect. 2 and analyze them in Sect. 3 in terms of cluster membership, binary star detection, and field star contamination. Section 4 is devoted to a comparison of theoretical isochrones with the cluster sequence, while Sect. 5 discusses the current structure and dynamical state of the cluster and compares with theoretical computations. Finally, Sect. 6 summarizes our findings and discusses the outlook for further studies.
Observational data for IC 4651

Photometry
The new CMD for IC 4651 by Meibom (2000) , based on CCD uvby photometry for 17640 stars to V ∼ 21 m in a ∼21 × 21 field supersedes all previous photometry for the main-sequence region of the cluster. All details of the observations and reduction procedures are given in the paper, which also summarizes the observational history of IC 4651. Typical standard errors of the mean magnitudes are 0. m 007 in V , 0. m 007 in b, 0. m 009 in v, and 0. m 010 in u.
The salient findings from the photometry were: (i): a greatly superior definition of the main sequence in the (v −y)−V CMD, as compared to the traditional combination (b−y)−V ; (ii): an effective doubling of the known size of the cluster in terms of both area and number of stars; and (iii): a clear tendency for the faint main-sequence stars to prefer the outskirts of the cluster. All three topics are further discussed below.
While the Meibom (2000) paper was in press, a new CMD comprising uvby-H β photometry of 387 stars in a 13.5 × 13.5 field to V ∼ 16 m was published by Anthony-Twarog & Twarog (2000) . Comparison with our data shows a similar colour discrepancy for the red giants (V < 11. m 5, (b − y) > 0.6) as found by Meibom (2000, Fig. 2) relative to the earlier data by Anthony-Twarog & Twarog (1987) , our photometry being about 0.03 mag brighter in V and bluer in b−y than theirs. This is readily understandable because our observations were calibrated primarily for the main-sequence region; also, the uvby colour calibrations are less reliable for red giants, both theoretically and observationally. For the 252 stars in the colour range covered by our standard stars, i.e., (b − y) < 0.6, the average differences are 0.000 ± 0.026 (s.d.) in V and 0.001 ± 0.026 (s.d.) in (b − y), respectively, a quite satisfactory result.
Given the close agreement between the photometry by Anthony-Twarog & Twarog (2000) and Meibom (2000) , but also the larger area and greater depth of the latter, we will use the Meibom photometry in the remainder of this paper.
Radial velocities
In order to distinguish between field and cluster stars and detect the spectroscopic binaries in the cluster, radialvelocity observations were made during the years 1989-1997 with the photoelectric scanner CORAVEL (Mayor 1985) on the Danish 1.54-m telescope at ESO, La Silla. The observations are referred to the accurate velocity zero-point determined from a large number of observations of minor planets and standard stars by Udry et al. (1999) . The observing list comprised all known red giants in and near the cluster, plus all candidate main-sequence and turnoff stars brighter than the limiting magnitude of CORAVEL (B ∼ 15) from the then largest known photometric surveys of the cluster, by Eggen (1971) and Anthony-Twarog et al. (1988, AMCT) .
With the aim to obtain three or more observations per star in IC 4651, a total of 520 observations were made of the 117 programme stars, including about 220 measurements of the 20 red giants and 300 measurements of 97 turnoff and main-sequence stars. Many of the stars in the latter group rotate rapidly, so high signal levels were required and typical integration times were of the order of an hour; for the red giants integration times were 5-10 min. Only 13 stars, mainly in the turn-off region, rotated too fast for a proper determination of their radial velocity; in the system of Meibom (2000) , these stars are MEI 5489, 7386, 7628, 10059, 10232, 11035, 11305, 11852, 11888, 12035, 12089, 13015, and 14069 .
If a first observation of a photometric non-member gave a velocity far from the cluster mean, or a second observation immediately established a star as an obvious spectroscopic binary, observations were normally stopped. Otherwise, three or more observations were obtained over a time interval of typically 1000-2000 days for the mainsequence stars, and 5000 days for the red giants (observed since 1983). The red giant data were analyzed by Mermilliod et al. (1995) , but are rediscussed here because additional observations have been obtained.
The results of the radial-velocity observations are summarized in Table 1 . Star numbers are given in the systems of Meibom (2000, MEI) , Eggen (1971, E, numbers less than 200) and Anthony-Twarog et al. (1988 , AT, numbers larger than 1000 . A few outlying red cluster giants have numbers from either Lindoff (1972, L, Nos. 241 and 244) or Mermilliod et al. (1995) (M, Nos. 811, 812, and 817) . Following the mean velocity < RV > and its error, σ <V > , n is the number of observations and σ 1 the standard deviation of a single observation; for double-or triple-lined binaries, we give the systemic velocity and σ <V > as computed with the method of Wilson (1941) . O/C is the ratio σ 1 /σ C , where σ C is the average value of the error estimated for each observation of the star from the number of counts and the shape of the profile. The algorithm for computing σ C has been improved since the study of NGC 3680 by Nordström et al. (1996) , and no dependence of O/C on stellar rotation is seen in IC 4651. Consequently, no corrections have been applied to the present data. If O/C < 1, σ <V > = σ C /n 1/2 is given as a more realistic error estimate than σ 1 /n 1/2 . Finally, ∆T is the time span (days) covered by the observations; the median value of ∆T is 1845 days.
In order to facilitate future studies of the velocity variables, the individual radial velocity observations of all stars are provided in Table A1 (in electronic form only). Figure 1 shows the CMD of IC 4651, with the stars with radial-velocity data identified by squares. The small points indicate stars not included in the radial-velocity survey, either because they were too faint or because they lie outside the inner field believed to contain the cluster when the radial-velocity survey was conducted. The many new outlying and/or faint cluster members would form ideal targets for a new survey with a multi-fiber spectrometer on a large telescope. The distribution of the observed mean radial velocities is shown in Fig. 2a ; as seen, the velocities of the (relatively few) field stars are distributed in the range −80 to +40 km s −1 .
Notes on individual stars
A few stars require separate comment. First, by mistake, Table 2 of Meibom (2000,MEI) identified MEI 6726 with both E73 and AT 1230; as indicated in our Table 1 , E73 is in fact the star MEI 7036. Moreover, correction of a previously misidentified observation shows that MEI 6333 is in fact a single star, contrary to the assignment of variability by Mermilliod et al. (1995) .
More substantially, additional radial velocities have been obtained for most of the red giant stars since Mermilliod et al. (1995) , extending the time basis of the data. These new data led to the detection of two new spectroscopic binaries amongst the red giants (MEI 11218 and 14527) . We have also recomputed the spectroscopic binary orbits given previously by Mermilliod et al. (1995) . The resulting orbital elements are given in Table 2 are significantly improved in accuracy over those by Mermilliod et al. (1995) .
For double-lined binaries with insufficient data for an actual orbit determination, the Wilson (1941) method also provides an estimate of the mass ratio q = M B /M A . For the stars labeled "sb2" in Table 1 , we find the following results: MEI 6726: q = 0.87±0.03; MEI 6733: q = 0.75±0.25; MEI 8302: q = 0.49 ± 0.08; MEI 9278: q = 0.85 ± 0.09; and MEI 10029: q = 0.90 ± 0.20. MEI 10019 and MEI 11504 show double lines, but only one component varies in velocity; thus, these objects are likely to be triple systems and no mass ratio can be determined.
Rotational velocities
Rotational velocities were determined for the stars in IC 4651 as described by Benz & Mayor (1981 , 1984 and are included, with their errors, in Table 1 . The mean rotational velocity of the 31 measurable single main-sequence stars is 18.8 ± 2.4 km s −1 (s.e.m.), with a standard deviation of 13.1 km s −1 . For comparison, the single mainsequence stars in NGC 3680 have a mean rotational velocity of 15.3 ± 3.1 km s −1 (s.e.m.) with a standard deviation of 13.3 km s −1 , essentially the same as in IC 4651. The modest sample sizes do not allow further detailed study of, e.g., the orientation of rotational axes, etc.
The stellar population of IC 4651
Spectroscopic binary detection
As discussed in detail in Nordström et al. (1997) , comparison of the observed and expected standard deviations of multiple radial-velocity observations of a star allows to compute the probability P (χ 2 ) that the velocity is constant, i.e. that the star is single. P (χ 2 ) is given in Table 1 for all programme stars with at least 2 observations. Consistent with other studies using CORAVEL data, we adopt the conservative variability/duplicity criterion P (χ 2 ) < 0.01 to distinguish the certain binaries from the probable single stars in Table 1 . A few binaries were identified by a double correlation peak in just a single observation. Our detection efficiency decreases rapidly for binaries with periods longer than our typical ∆T (∼2000 days) and for small velocity amplitudes, so undetected binaries certainly remain in IC 4651. Table 1 . Mean radial and rotational velocities, with errors (all km s −1 ), and duplicity and membership diagnostics P (χ 2 ) and P (RV ) for 104 stars in IC 4651. "Other" numbers are: E: Eggen (1971) , A: Anthony-Twarog et al. (1988) , L: Lindoff (1972) , and M: Mermilliod et al. (1995) . Remark codes are: "M": star discussed by Mermilliod et al. (1995) ; O: new orbit in Table 2 ; sb2/3: double/triple-lined spectroscopic binary; pm: probable member; *: remark in Sect. 2.3.
MEI
Other Of the 104 observed stars, 45 (43%) are found to be binaries, but the fractions are very different for cluster and field stars (42/86 or 49%, vs. 3/13 or 23%). This is readily understandable because field stars were not monitored systematically once their non-member status had become clear. In contrast, the lower binary frequency among the cluster giants (7/19 or 37%) than among the main-sequence stars (35/67 or 52%) is probably real, as the red giants have been monitored for longer periods and with better precision than the hotter, faster-rotating Table 2 . Revised orbital elements, with mean errors, for the red giant binaries in IC 4651. After the MEI numbers, Lindoff (1972) numbers (L) are also given to facilitate comparison with Mermilliod et al. (1995) . F-type main-sequence stars. Destruction of the closest systems after Roche lobe overflow and mass exchange as the primaries expand upon leaving the main sequence provides a natural explanation of this difference.
Cluster membership
The deviation of the individual stellar radial velocities from the cluster mean, compared to the combined effects of individual measuring uncertainties σ <V > and the internal velocity dispersion in the cluster, allows to compute individual membership probabilities P (RV ) as discussed by Nordström et al. (1997) . The conservative limit P (RV ) < 0.01 is taken to identify the definite nonmembers. Stars with a P (RV ) indicating membership, but based only on a single radial velocity (hence unknown binary status), are labeled "probable" members, provided their position in the CMD is also consistent with membership (see Table 1 ). First, we must compute the cluster mean velocity. The 12 non-variable red giants in Table 1 yield a mean velocity for IC 4651 of −30.70 ± 0.22 km s −1 , similar to that reported by Mermilliod et al. (1995) from all 19 cluster giants (−31.0 ± 0.2 km s −1 ). The standard deviation from the cluster average of a single mean velocity is 0.75 km s −1 for the red giants; correcting for the average observational error (0.15 km s −1 ), we find a true cluster velocity dispersion of 0.74 km s −1 . The velocity dispersion of IC 4651 is thus much larger than that of NGC 3680 (0.30 km s −1 ), reflecting a larger mass, but maybe also indicating a difference in the dynamical evolution of the two clusters.
Using these values for the cluster mean velocity and internal dispersion in IC 4651 we computed membership probabilities P (RV ) for all the stars in Table 1 . The mean radial velocity of the 32 single F-type main-sequence and turnoff members so defined is −30.82 ± 0.28 km s −1 , with a standard deviation per star of 1.59 km s −1 , or 1.42 km s −1 once the average measuring uncertainty of 0.72 km s −1 has been subtracted. The difference from the mean velocity of the giants, only 0.12 km s −1 , is much smaller than that in NGC 3680 (Nordström et al. 1997) , probably because of the improved zero-point calibration used in the present study (cf. Fig. 2b ). Within the uncertainties, it remains compatible with the difference in gravitational red-shift between dwarfs and giants, but does not require the use of different mean velocities for the two groups of stars. The final membership probabilities P (RV ), listed in Table 1 , have therefore been computed with the final weighted mean velocity: −30.76 ± 0.20 km s −1 .
With these definitions, the P (RV ) values in Table 1 classify 86 stars as certain and 5 stars as probable cluster members, while only 13 of the 104 observed stars are found to be field stars, a much lower percentage than in NGC 3680. Of the 13 field stars, 2 are single, 3 are binaries, and 8 are of unknown type. Figure 3 shows the turn-off and red giant region of the CMD of IC 4651, identifying the different categories of stars. Because the new photometry by Meibom (2000) approximately doubled the number of cluster stars just as the CORAVEL observing campaign came to an end, the CMD still contains many stars without cluster membership and duplicity data; these are ripe targets for follow-up with multi-fiber spectrographs.
Reddening, metallicity, and distance of IC 4651
Several determinations of reddening and metal abundance of IC 4651 have been made; see Kjeldsen & Frandsen (1991) As our final result for the reddening is identical to that adopted in Paper I, the distance to IC 4651 determined there by direct fitting of the Hyades main sequence to that of IC 4651, (m − M 0 ) = 10.03 or a distance from the Sun of 1.01 ± 0.05 kpc, is also adopted here.
Stellar evolution in IC 4651
Although not all candidate members of IC 4651 have radial-velocity data, the identification of member and binary stars in the inner region of the cluster (for V < ∼ 14. m 5), together with the unambiguous identification of the lower main sequence, allow for a critical test of stellar evolution models. Previous discussions, e.g. Nordström et al. (1997) or Anthony-Twarog & Twarog (2000) and references in these papers, have proved conclusively that convective core overshooting must be included in stellar models for the mass range of IC 4651. However, presentday models differ in their physical description of the phenomenon loosely referred to as "overshooting", leading to subtle differences in model predictions which can only be tested by comparing with high-quality photometric data for established, single cluster members.
The models
Two sets of stellar isochrones are considered here: First, the models by the Geneva group (Schaller et al. 1992 ), using OPAL radiative opacities (Iglesias et al. 1992a ) and an overshooting distance d of d/H p = 0.20 in units of the pressure scale height at the classical core boundary. These models were calculated for solar metallicity (Z = 0.02). Linear interpolation in the log(T eff ) and M V of the Geneva models for Z = 0.02 and Z = 0.04 (Schaller et al. 1992; Schaerer et al. 1993) allows an approximation to models for the observed metallicity of IC 4651.
Second, we also used the new Yale 2000 isochrones (Yi et al. 2002) , using improved opacities (Iglesias & Rogers 1992b ) and equations of state (Rogers et al. 1996) . Table 1 in Yi et al. summarizes the input physics. Helium diffusion and convective core overshoot (d/H p = 0.2) have been taken into consideration. The models are based on a scaled solar chemical composition, and linear interpolation of models for Z = 0.020 and Z = 0.040 was used to approximate the metallicity of IC 4651.
Colour calibrations
Colour transformations from effective temperatures to B − V are provided in the Yale models, using both the latest tables of Lejeune et al. (1998) and the modified Green et al. (1987) tables. We have, however, preferred to recompute (b − y) and (v − y) colours from the effective temperatures and metallicities of the models, using the transformation by Edvardsson et al. (1993) for F dwarfs within its range of validity (see Nordström et al. 1997 for a discussion of temperature-colour relations). Figure 4 shows the CMD of IC 4651 with both Geneva (dot-dashed line) and a Yale 2000 isochrone (solid lines) fits to the cluster sequence. Both models fit the turn-off and upper main-sequence region very well, while the Yale model fits the cluster all the way from the turn-off to the faintest part of the lower main-sequence. Below we will focus on the turn-off region and use our membership and duplicity information to make detailed fits to single member stars. However, the excellent match to the welldefined lower main sequence of IC 4651 not only makes the isochrone fit much more secure; it is also crucial for determining the contribution of the lower main-sequence stars to the cluster mass (Sect. 5). Determining the present-day mass function of IC 4651 is of key importance in the analysis of its dynamical evolution, the main respect in which IC 4651 differs from its "sister" cluster NGC 3680.
Isochrone fitting and the age of IC 4651
The true shape of the cluster turn-off is of critical importance for tests of overshooting in stellar evolution models, and for determining the cluster age. Our radial velocity data have identified 32 single member stars defining the cluster sequence in the turn-off region of the CMD, but in contrast to NGC 3680, the whole lower main sequence is now also well defined in IC 4651. We will fit the two sets of stellar evolution models to the turnoff as defined by the single cluster stars only. Because the theoretical (b − y) colours are only properly calibrated in the F-dwarf domain, the fits are less reliable for
For clarity, our isochrone fits to IC 4651 are shown in three separate (b − y) vs. V diagrams (Figs. 5, 6, and 7) . Each diagram shows the single member stars plotted as large solid dots. The 3−4 single stars (MEI 9745, 10807, 12137, 14560;  asterisks) significantly to the right of the well-defined single member sequence cannot be explained by scatter due to the uncertainty in the photometry. More radial velocity observations or new proper motion data might reveal that they are in fact long period binary stars and/or non-members with radial velocities indistinguishable from true cluster members. The smaller dots represent binary member stars and photometric cluster members (i.e., stars without RV data). Figure 5 shows a fit of the 1.58, 1.69, and 1.82 Gyr Geneva isochrones, interpolated to the Hyades metallicity ([Fe/H] ∼ 0.12) (see above), fitted for E (b−y) = 0.062. The isochrones are shifted in magnitude corresponding to A V = 4.3 × E (b−y) (Crawford & Mandwewala 1976). The applied distance modulus of 9.75 is close to the value (10.03) determined in Meibom (2000) from a direct fit to the Hyades main sequence, and to the values listed in Kjeldsen & Frandsen (1991) for IC 4651. Figure 6 shows a fit of the 1.51, 1.58, and 1.69 Gyr Geneva isochrones, interpolated to the Hyades metallicity ([Fe/H] ∼ 0.12), fitted for E (b−y) = 0.071, and shifted in magnitude corresponding to A V = 4.3 × E (b−y) . The applied distance modulus is 9.75.
The Geneva models fit the unevolved main sequence and the lower part of the turnoff well. They also describe the shape of the redward curvature very precisely all the way to the tip of the main-sequence turn-off. The best fit for E (b−y) = 0.062 is obtained using the 1.69 Gyr isochrone, while for E (b−y) = 0.071 the 1.58 Gyr isochrone gives the best fit to the single turn-off members. Note that the 1.58 Gyr Geneva isochrone also fits the only known single sub-giant member. The ∼0.1 Gyr age difference between the preferred isochrones for E (b−y) = 0.062 and E (b−y) = 0.071 gives a good estimate of the uncertainty introduced by the reddening alone. = 0.071, using a distance modulus of 9.72. These new overshooting models also give a good fit of the turnoff, although the redward curvature is slightly sharper, suggesting a correction (reduction) of the overshooting parameter of the Yale models. Note that the ages of the Yale models are birth-line rather than ZAMS ages, but the difference ( < ∼ 0.05 Gyr) is likely to be negligible in all but the very youngest clusters.
Both the 1.58 Gyr Geneva isochrone and the 1.8 Gyr Yale isochrones give excellent fits to the established single cluster members in the turn-off region of IC 4651 for E (b−y) = 0.071. The relatively small difference of ∼0.2 Gyr in age between the best fit of the two different models are due to subtle differences in the stellar model parameters. A similar difference in age between the Geneva models and models constructed using the Yale Stellar Evolution Code is found for NGC 3680; see Nordström et al. (1997) vs. Kozhurina-Platais et al. (1997) . Figure 8 includes giant cluster members on the photometric system of Anthony-Twarog & Twarog (2000) (see Meibom 2000, Fig. 2) together with the Geneva 1.58 Gyr and Yale 1.8 Gyr isochrones fitted to the single turn-off stars. In the red giant region solid dots represent single stars and open squares represent binary stars. The fact that the isochrones do not fit the single giant members is acceptable because our observations were calibrated primarily for the main-sequence region, and because the uvby colour calibrations are less reliable for red giants.
Previous discussions of stellar models tended to debate simply for or against overshooting, resulting in age estimates for IC 4651 in the whole range from 1.3 Gyr (Maeder 1990) , even when based on the same photometry. The need for extended convective cores in stellar evolution models for stars more massive than the Sun is now well established, but the physical modeling of the overshooting phenomenon needs to be better understood; see, e.g. Giménez et al. (1999) for a comprehensive discussion. The tight sequence of single cluster members defined in IC 4651 by our new data should allow further refinement of the overshooting formalism and lead to improved age estimates for IC 4651.
Errors in E (b−y) and [Fe/H] will affect the derived cluster age. The uncertainty of the estimated age is derived from the uncertainties in [Fe/H] and E (b−y) . Anthony-Twarog & Twarog (2000) give 0.003 and 0.012 as the standard errors of the mean E (b−y) and [Fe/H], respectively, based on the colour relations of Olsen (1984) , but give no estimate of the uncertainty on the E (b−y) and [Fe/H] as based on the colour relations of Nissen (1988) . A realistic estimate of the uncertainty in E (b−y) was considered by Nissen (1988) to be ±0.012 corresponding to ∼±0.15 Gyr in the models used here. Combining this with the effect of an uncertainty in [Fe/H] of 0.05 dex leads to an estimated total uncertainty on the age of IC 4651 of 0.15 Gyr.
The best fit of both the Geneva and Yale 2000 isochrones is obtained using Hyades metallicity ([Fe/H] ∼ 0.12) and E (b−y) = 0.071. Both are close to the values derived (Sect. 3.3) using our membership information and data from earlier studies (Anthony-Twarog & Twarog 1987; Nissen 1988) . The resulting age range is 1.6-1.8 Gyr, leading to a best estimate for the age of IC 4651 of 1.7 ± 0.15 Gyr, not including systematic effects in the models. IC 4651 therefore appears to be slightly older than its sister cluster NGC 3680, by ∼0.1−0.2 Gyr.
Dynamical evolution of IC 4651
Mass segregation, i.e. increasing central concentration of progressively more massive stars (Spitzer & Mathieu 1987) , is seen in several open clusters (see e.g. Raboud & Mermilliod 1998a; Nordström et al. 1997; Mathieu 1985) . On average, binary systems are more massive than single stars. It is therefore expected to find binaries, together with the most massive single stars, to be concentrated towards the center of a relaxed cluster. If IC 4651 is older than its own relaxation time, the currently accepted dynamical models predict the appearance of such segregation of stellar masses; see, e.g, de la Fuente Marcos (1997); Portegies Zwart et al. (2001) .
Test for mass-segregation in IC 4651
Our photometry and radial-velocity data allow us to test for mass segregation in IC 4651. The radial-velocity data unambiguously classify 86 turnoff or giant stars as single or binary cluster members. From their proximity to the well-defined cluster sequence in the (v − y) vs. V CMD, we identify another 652 stars as probable (photometric) members, especially on the lower main sequence.
The coordinates of the cluster center, (α, δ) 2000 = (17 h 24 s 50 s , −49 • 57 01 ), were determined as the mean of the coordinates for the 86 certified single and binary cluster members. The projected radial distance from the cluster center was then computed for all 738 known and candidate cluster stars. Next, the sample was divided into bright and faint subsamples, corresponding to mass ranges of ∼0.6 M −1.5 M and ∼1.5 M −2.1 M , respectively. The goal was to create two samples with comparable numbers of stars (after field star subtraction), and with the largest possible ratio between the mean masses of the two samples. Dividing between bright and faint stars at V = 13.4, corresponding to ∼1.5 M , yielded 144 stars on the more massive side and 592 stars in the less massive group, for a ratio between the mean masses of the two samples of 1.89. The observed field was then divided into 15 annuli with radii from 1 to 15 , in steps of one arcminute.
Using location in the CMD as the only criterion for identifying cluster stars has the drawback of including a fraction of field stars. The contamination by field stars increases with increasing magnitude and becomes significant on the main sequence below ∼15 m .
In order to estimate the radial density distribution of field stars both brighter and fainter than V = 15 m , we calculated the distance to the cluster center of field stars in selected areas above and below the cluster sequence in the CMD. Figure 9 shows the radial density distribution for the field stars above (solid) and below (dotted) the lower cluster sequence (V = 15 m −18 m ). The mean density levels of the two distributions are indicated by horizontal lines. In order to estimate the density of field stars on the lower cluster sequence itself we calculated the average of the two mean levels, ∼0.75 star per square arcminute (dashed line). The same mean density levels were obtained by dividing the total number of stars in each of the two test groups by the total area of the observed field. A similar estimate of the field contamination on the upper cluster sequence (V < 15 m ) resulted in a field star density of ∼0.08 star per square arcminute.
Note that the method of counting field stars adjacent to the cluster sequence will inevitably include some cluster binaries above the sequence and possibly also some cluster stars scattered into the area below the cluster sequence due to photometric errors in these faint stars. Correcting for these contributions would lead to a even lower estimate of the field star density. For the moment, however, we adopt a field density of 0.08 stars per square arcminute for V < 15. m 0 and 0.75 stars per square arcminute for V > 15. m 0. Figure 10 shows the radial density distribution of the certain (radial-velocity) and probable (photometric) cluster members. The cluster star densities do not fall to the estimated field star levels, even at the edge of the observed field. This is especially striking for the lower main sequence, but true also for the brighter stars, showing that even the field observed in the present study was not sufficient to cover the entire cluster: Additional cluster stars, both faint and bright, are very likely still to be found outside the currently known field of IC 4651.
After subtraction of the estimated field star contributions (see Fig. 10 ), the total numbers of stars in the highand low-mass samples defined previously (i.e. brighter and fainter than V = 13. m 4) are 110 and 228, respectively. The normalized and field-subtracted radial density distributions of these two samples are shown in Fig. 11 .
A χ 2 test was applied to test for mass segregation in IC 4651. Because the field star levels were determined without use of the radial density distributions, all radial bins out to 14 were used in the test. The resultant probability that cluster stars with masses greater and smaller than ∼1.5 M are not drawn from the same parent radial distribution is 96.4%. It is indeed noticeable in Fig. 11 that nearly all the turn-off and red giant stars are located at radii smaller than ∼7 . However, the derived formal probability is quite sensitive to the applied field star correction and the magnitude chosen to separate the two samples. Overall, we conclude that our data do provide moderately strong evidence for mass segregation in IC 4651.
This investigation of the radial density distribution of cluster and field stars, together with the perfect match of the isochrones to the faintest parts of the cluster sequence, indicates a need for an even deeper photometric study of IC 4651 in an even larger field. A larger field should add many faint, but also some bright stars to the membership list and also provide a better estimate of the field star densities from observations at larger radii. This, in turn, would allow to define better the true richness and size of IC 4651, as well as further improve the definition of the lower cluster main sequence. Photometric observations in the Johnson V and I bands covering a large field (2 • × 2 • ) around the cluster have already been obtained by the authors; it would be most interesting to complement these with a comprehensive radial-velocity survey using a multifiber instrument. If these data were to show that the true size of this "well-known" cluster is even larger than the factor of two relative to the classical literature value which we have already found, then one might have serious doubts about the current catalogue values for other, less wellstudied clusters.
Mass function
Based on the relation between stellar mass and V magnitude for the best-fit Geneva and Yale 2000 isochrones, masses for individual stars were derived. Fifteen brightness intervals were used to divide the cluster mass range from ∼0.4 M to ∼2.0 M into mass intervals with a roughly constant width of 0.1 M . Single radial-velocity members are then simply assigned a mass according to their V magnitude. Decomposition of binaries. Stars identified as binaries from the radial-velocity data (except MEI 11507, a possible blue straggler) were decomposed into single stars in the following way: Assuming a mass-luminosity relation of L ∝ M 3 on the upper main-sequence (Christensen-Dalsgaard 1993), a displacement of ∼−0. m 1 in V from the best-fit isochrone corresponds to a mass ratio between the primary and secondary component of ∼2. Therefore, binaries located within ∼0. m 1 from the isochrone are assumed to consist of a primary component with a mass corresponding to that of the isochrone, and a secondary component with half that mass.
For each of the 13 binaries located more than ∼0.1 m above the best-fit isochrone (MEI 7753, 6725, 6726, 11670, 7309, 9278, 14364, 8302, 11507, 5658, 8080, 9357, 11504;  see Fig. 3a ), we assumed a series of possible secondary components on the lower main sequence. Next, corresponding primary component loci in the CMD were computed so as to match the observed location of the binary. The intersection between the track for the primary component and the cluster sequence then fixes the brightness and therefore the mass of both the primary and secondary star. Figure 12 shows an example of such a primary track for the binary MEI 6725.
By the procedures illustrated above, the 42 known binary systems were decomposed into single stars. Figure 13 shows the mass function of the individual stars resulting from the decomposition plus the single stars identified by radial velocity measurements. The estimated total mass contribution from this group of cluster stars is ∼166 M .
The many (∼650) new cluster stars found at all magnitudes in our CCD photometry have no observational data on membership and duplicity as yet. Nevertheless, they more than double the number of cluster members in the turnoff region, and the entire low-mass cluster population is a new discovery. Their contribution to the total cluster mass and mass function is therefore important and cannot be neglected. The method we have used to estimate masses for these "new" photometric cluster stars is similar to that used for the established radial-velocity members.
The number of field stars in each mass bin was determined using the method described in Sect. 5.1: in each brightness interval (corresponding to a mass interval), stars were counted in two areas bordering the cluster sequence. The mean density of stars was used to estimate the number of field stars overlapping the cluster sequence. As explained above, this method is likely to slightly overestimate the field star density. After field subtraction 301 stars were left on the cluster sequence. Due to mass segregation, however, the binary fraction amongst the outlying stars is probably smaller than the 55% found in Sect. 3.1 for the turnoff stars in the inner region; we have assumed an average binary fraction of 40% (120 of the 301 candidate members). We also assume that each binary consists of a primary component with mass corresponding to its location on the isochrone and a secondary component with half that mass. The resulting mass function for the "new" main-sequence stars is shown in Fig. 14. The lack of stars with mass of ∼1.1 M is due to the effects of binning. The estimated contribution to the cluster mass from the 421 individual stars (181 single stars, 120 primary components, and 120 secondary components) is ∼463 M .
Summing the mass contributions from the two groups of stars with and without radial velocity measurements, we estimate the present total mass of IC 4651 within our ∼21 × 21 field to be (166 + 463) M 630 M . With masses now estimated for every plausible cluster star, the dynamical state of IC 4651 can be discussed in more quantitative terms. Figure 15 shows the overall present-day mass function for IC 4651. The open histogram includes the masses of both single stars and individual components of decomposed binary systems. The shaded histogram shows the subsample of stars with radial velocity measurements. For comparison, we also show the three different initial mass functions (IMFs) by Salpeter (1955, solid) , Miller & Scalo (1979, dotted) and Kroupa et al. (1993, dashed) , normalized to the total number of stars in the range 0.1−60 M and scaled to match the number of single stars now observed in the mass bin 1.75−1.85 M . Comparing the IMFs with the present-day mass function enables us to estimate the total initial number and mass of stars in IC 4651 as well as the fraction lost during the lifetime of the cluster.
The following results for the initial number of stars and total mass of IC 4651 are obtained: , we find that IC 4651 now contains only ∼7% of its original stars and ∼12% of its initial mass, all computed within the observed field. We note, however, that also stars in the mass range 1.75-1.85 M may well have been lost from the cluster. Our estimate of the initial cluster mass as well as the mass lost from the cluster is therefore likely to be somewhat conservative.
Mass loss from the cluster can be due to two different processes: 1) Evolution of high mass stars, and 2) evaporation of low mass stars (dynamical mass loss). We discuss these in turn. 1): the original, most massive cluster stars in the range ∼2 M -∼60 M have completed their evolution to white dwarf or neutron star remnants. The above IMFs predict that IC 4651 initially contained 308-490 stars in the mass range 2−60 M . Adopting the Miller-Scalo IMF, a total of ∼1871 M or ∼35% of the initial cluster mass has thus been lost due to evolution of the ∼430 most massive stars in the young IC 4651 (∼5% of the initial population) Nordström et al. (1997) also found that NGC 3680 has lost ∼30% of its initial mass due to evolution of its high mass stars. This similarity is indeed expected because the ages and turn-off masses (∼1.7 M ) of the two clusters are nearly identical. We note that both in IC 4651 and NGC 3680, a substantial fraction of the high-mass component might still be present in the form of stellar remnants, primarily white dwarfs. Such white dwarfs are expected to be bright enough to remain observable with medium-sized telescopes.
2): low-mass stars are lost from the central regions of the cluster due to mass segregation, and again from the outer parts due to galactic tidal effects (de la Fuente Marcos 1997; Terlevich 1987) . Formation of an outer halo of low-mass stars at 1-2 tidal radii from the cluster center (Terlevich 1987) causes the outermost stars to dynamically evaporate from the cluster. In IC 4651, many of the newly discovered lower main-sequence stars are located outside the central field observed in previous studies. Above, we have found indications of moderate mass segregation (see Sect. 5.1), and we have also shown that additional cluster stars are likely to be found at even greater distances from IC 4651 than those covered in our photometric survey field, the radius of which is less than half the estimated tidal radius of IC 4651 (∼22 ). Further studies may succeed in mapping the outer halo of IC 4651 and define its true radial extent. From the information available within our observed fields, IC 4651 appears to have lost ∼53% of its original mass due to evaporation of low-mass stars (0.1 M < ∼ M < ∼ 2.0 M ), corresponding to > ∼ 88% of the initial number of stars. For comparison, NGC 3680 was found to have lost > ∼ 90% of its original low-mass stars (Nordström et al. 1997) , containing ∼60% of the cluster mass within the central 13 × 13 .
Galactic environment of IC 4651
Our "twin" clusters IC 4651 and NGC 3680 are almost identical in age, turn-off mass, and metallicity. They differ strongly, on the other hand, in present (and perhaps also initial) stellar population and total mass. Both clusters have undergone significant dynamical evolution, but NGC 3680 is clearly in a far more advanced stage than IC 4651, judged by our results on mass segregation and evaporation of low-mass stars. In fact, if significant numbers of stars of all masses were lost from NGC 3680 in this process, the two clusters could have been even more similar at birth.
As with other twins, it is natural to search for an explanation of these differences in terms of environmental effects: theory (e.g. Terlevich 1987) suggests that a single close encounter with a massive object may completely disrupt an open cluster in about 10 8 yr. Depending on their orbits in the Galactic disk, both clusters will have been exposed to close passages of giant molecular clouds or other massive objects which may cause tidal stripping of their low mass stars, and indeed Friel (1995) demonstrated that no open clusters older than the Hyades have survived significantly closer to the Galactic center than the Sun.
The galactic positions of the two clusters are: (l, b) = (340.1 • , −7.9 • ) and r = 1.0 kpc for IC 4651; and (l, b) = (286.8 • , +16.9 • ) and r = 1.3 kpc for NGC 3680. IC 4651 is thus closer to both the galactic plane and the galactic center than NGC 3680 and would naively be expected to be more, not less dynamically evolved than the latter as we observe. In order to explore whether the current positions of the two clusters are a good guide to their dynamical histories, the brightest stars in both were identified in the TYCHO2 catalogue (Høg et al. 2000) . Average absolute proper motions were computed to be (µ α , µ δ ) = (0, −2) mas yr −1 (IC 4651, 6 stars) and (µ α , µ δ ) = (−6, 0) mas yr −1 (NGC 3680, 7 stars); their uncertainty is about 1 mas yr −1 , depending mostly on which outlying points are eliminated. From these and their known positions, distances, and mean radial velocities, the space motions given in Table 3 follow. From these in turn, the orbital motions were integrated backwards for 1.6 Gyr in the Dehnen & Binney (1998) axisymmetric Galactic potential (their Model 2, assuming a Solar galactocentric distance of R 0 = 8 kpc). The resulting orbital parameters are also listed in Table 3 . Uncertainties in (U, V, W ) due to errors in proper motions, distances, and radial velocities are evaluated to be of the order of 2 km s −1 , in the orbital parameters about 0.1 kpc. Table 3 reveals a non-trivial result: The mean galactocentric distance of IC 4651 (8.6 kpc) is in fact larger than that of NGC 3680 (7.7 kpc) despite the fact that they happen to lie in the reverse order at present. Thus, the actual orbits of the two clusters provide a natural explanation why NGC 3680 is the more evolved of the two, a situation that appeared puzzling when only a snapshot of their present locations was considered. A further step, which we have not taken, would be to follow these orbits backwards in time and search for any close passages of massive objects in the disk -a task which would also require building an inventory of such objects and their velocities.
Conclusions
Our new Strömgren uvby photometry and long-term radial velocity measurements have substantially deepened our understanding of IC 4651. The detailed analysis presented in this paper places IC 4651 in the small company of open star clusters for which data of similar detail and completeness exist (i.e., the Hyades, Pleiades, Praesepe, NGC 3680, and NGC 6231).
The present study has radically revised previous views of IC 4651 as regards mass, stellar population, and size. In addition, our understanding of its present structure and dynamical state has been greatly improved. Together with NGC 3680 (Nordström et al. 1997) , IC 4651 now provides an important benchmark for studies of the dynamical evolution of open star clusters.
Our main results on IC 4651 can be summarized as follows: 1) IC 4651 is at least twice as rich in stars as previously thought, and the main sequence is well defined to V ∼ 18 m .
2) From precise radial-velocity data for 104 stars brighter than V ∼ 14. m 5, the membership and duplicity of these stars have been investigated. In total, 86 (80%) of the 104 stars are found to be cluster members; of these, 42 (49%) are spectroscopic binaries. 5 stars are classified as "possible members", and 13 (13%) are field stars. Thus, at least for the brighter sample of cluster stars, the frequency of binaries is high (similar to NGC 3680, Nordström et al. 1997) , while field star contamination is relatively unimportant.
From 12 single red-giant and 32 single F-type mainsequence members we determine a mean cluster radial velocity of −30.76 ± 0.20 km s −1 . The internal radialvelocity dispersion as determined from the single giants and corrected for observational errors, is 0.74 km s −1 .
The single main-sequence stars in IC 4651 have a mean rotational velocity of 18.8 ± 2.4 km s −1 (standard error of the mean), with a standard deviation of 13.1 km s −1 .
3) Using only single member stars measured by Nissen (1988) , and Anthony-Twarog & Twarog (1987) and calculating the metallicity-index (m 1 ) from the new uvby data, the reddening and metallicity of IC 4651 were found to be E (b−y) = 0.076 ± 0.012 and [Fe/H] = 0.13 ± 0.05. The latter is in good agreement with the recent preliminary spectroscopic determination by Bragaglia et al. (2001) . The distance as determined from a direct fit to the Hyades main sequence is 1.01 ± 0.05 kpc.
4)
Two sets of stellar evolution models fitted to the single cluster members in the turn-off show that overshooting from the convective cores is significant in IC 4651. The preferred models have [Fe/H] ∼ 0.12 (Hyades) and are fit for E (b−y) = 0.071. We estimate the age of IC 4651 to be in the range 1.6-1.8 Gyr, with a mean value of 1.7±0.15 Gyr.
5)
From the best-fit isochrone, we have assigned individual masses to all stars in IC 4651; the mass at the tip of the turn-off is ∼1.75 M . Binaries were decomposed into their primary and secondary components, and the contribution to the mass function from the secondary components of known spectroscopic binaries as well as suspected binaries in the outer field was estimated. The current total mass of IC 4651 within our field of ∼21 × 21 is estimated to be ∼630 M , leading to an estimated tidal cutoff radius of ∼22 .
6)
The initial stellar population and total mass of the cluster are estimated by fitting three initial mass functions to the present-day mass function. Using the least extreme IMF (Miller-Scalo) , IC 4651 is estimated to have contained ∼8300 stars initially, with a total mass of ∼5300 M . Thus, only ∼7% of the original cluster stars and ∼12% of the initial mass now remain within the field studied.
Of the initial cluster mass, about ∼35% (1900 M ) has been lost due to the evolution of the most massive stars, while ∼53% has been lost dynamically, corresponding to ∼88% of the initial population of low mass cluster stars. Further studies may reveal how large a fraction of the low mass stars may remain gravitationally bound in an extended halo around IC 4651. The spatial distribution of the cluster members and field stars strongly suggests that enlarging the observed field should lead to the detection of even more distant cluster stars; the field studied so far still only reaches about half the estimated tidal radius.
7)
Computing the Galactic orbits of both clusters reveals that IC 4651 is, on average, more distant from the Galactic center than NGC 3680, although the opposite is true for their present locations. This may provide a natural explanation why NGC 3680 is dynamically more evolved than IC 4651 despite their identical ages.
